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Thermal management in electronic devices has become a significant challenge 
because of the high power density in nanoelectronic devices. This challenge calls for a 
better understanding of thermal transport processes in nanostructures and devices, as well 
as new thermal management approaches such as high thermal conductivity materials and 
efficient on-chip thermoelectric coolers. While several experimental methods have been 
developed to investigate size-dependent thermal and thermoelectric properties, there are a 
number of limitations in the current experimental capability in probing nanoscale thermal 
and thermoelectric transport properties. Among these limitations is the difficulty in 
determining and eliminating the contact thermal resistance error so as to obtain the 
intrinsic thermal and thermoelectric properties of nanostructures. This dissertation 
presents an effort to develop new experimental methods for uncovering the intrinsic 
thermal and thermoelectric properties of nanostructures, and the applications of these 
methods for investigating the thermal and thermoelectric transport phenomena in three 
materials systems. 
 vii 
The intrinsic thermoelectric properties of bismuth antimony telluride 
nanostructures, which are synthesized by two different methods, are characterized with a 
four-probe thermoelectric measurement method based on a suspended device. The 
obtained thermoelectric property reveals a transition from n-type to p-type electronic 
transport as the antimony to bismuth ratio is increased to about 0.25. The peak zT was 
found when this ratio is close to 0.5. A new four-probe thermal transport measurement 
method is established in this work to probe both the contact thermal resistance and 
intrinsic thermal resistance of a nanostructure, which can be either an electrical conductor 
or insulator. The effectiveness of this method is demonstrated with its use to reveal size-
dependent thermal conductivity of patterned silicon nanowires. The new four-probe 
measurement method is employed to obtain both the intrinsic thermal and thermoelectric 
properties of nanostructures of boron arsenide (BAs) with potentially record high thermal 
conductivity. The measurement results suggest that the thermal conductivity of one of 
such sample with an equivalent diameter of about 1.1 μm is higher than that of bulk 
silicon, despite pronounced phonon scattering by surface roughness and point defects 
associated with arsenic vacancies. In addition, high thermoelectric power factor was 
measured on the BAs sample. 
 
 viii 
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Chapter 1:  Introduction 
 
1.1 BACKGROUND 
As nanofabrication technique for ultra large scale integrated (ULSI) electronic 
devices continues to progress, thermal management of the device becomes an important 
challenge because more power is generated per unit volume. In addition, non-uniform 
heat dissipation in the devices results in local hot spots, which are detrimental to device 
performance and reliability. According to the International Technology Roadmap for 
Semiconductors,
1
 the critical feature size of nanoelectronic devices is already in a length 
scale less than 10 nm. The thermal conductivity of the semiconducting, dielectric, and 
metallic materials used in fabricating the devices can be reduced considerably at such a 
small dimension because of increased boundary scattering of electrons and phonons, the 
heat carriers in solids, as well as intriguing quantum confinement effects on these quasi 
particles. These size effects on the thermal transport property need to be understood 
better for rational design of next-generation electronic devices. 
In addition, alternative materials with high thermal conductivity are desirable for 
use as heat spreading substrate or layers in future electronic devices. Diamond, graphite, 
graphene, and carbon nanotubes hold the highest thermal conductivity among known 
materials. Their thermal conductivity is dominated by the contribution from lattice 
vibration or phonons, which is high because the strong covalent bonding and small 
atomic mass result in large phonon group velocity, and the high crystal quality minimizes 
phonon defect scattering. Because of the significant challenges remained in the synthesis 
of high-quality diamond and graphitic materials and in their integration into electronic 
devices, there are active efforts in the search of other materials with potentially high 
 2 
thermal conductivity. One recent theoretical calculation has predicted that the thermal 
conductivity of boron arsenide (BAs) can be comparable to the diamond value of 2270 
Wm
-1
 K
-1
 at room temperature, and becomes higher than the diamond value at above 
room temperature. The origin of the high thermal conductivity in BAs is attributed to the 
large atomic mass ratio between B and As,
2
 which results in a large energy gap between 
acoustic phonon branches with neighboring atoms vibrating in phase and optical branches 
with neighboring atoms vibrating out of phase. The large energy gap can suppress the 
scattering of acoustic phonons by the optical phonons, and result in long phonon-phonon 
scattering mean free path. This mechanism for the potentially ultrahigh thermal 
conductivity in BAs is different from that discussed above for diamond. Despite the 
encouraging theoretical prediction, there have been few experimental data on the thermal 
transport properties of BAs. In particular, the thermal conductivity of BAs can depend 
sensitively on the sample size, as phonon-boundary scattering can reduce the effective 
phonon mean free path especially when the phonon-phonon scattering mean free path is 
long.
3
 There is a lack of experimental data of such size effects on the thermal 
conductivity of BAs.  
Besides high thermal conductivity materials, another approach to addressing the 
hot spot issue in electronic devices is to employ integrated Peltier coolers near the hot 
spots.
4
 In a Peltier cooler under an electrical bias, electrons in n-type semiconductors and 
holes in p-type semiconductors carry heat from the cold junction to the hot junction. In 
addition, Peltier devices can also be operated a reverse mode as a thermoelectric power 
generator to convert heat input into an electrical power. These solid state thermoelectric 
devices have several desirable features, such as the presence of few mechanical moving 
parts and heat transfer fluids. However, the energy conversion efficiency of these 
thermoelectric devices is limited by the thermoelectric figure of merit of the materials, 
 3 
which is defined as zT = S
2σT/k, where S, σ, k, and T are the Seebeck coefficient, 
electrical conductivity, thermal conductivity, and absolute temperature, respectively.  
Bismuth telluride (Bi2Te3) alloys remain the most-widely used thermoelectric 
materials for commercial Peltier coolers, with a room temperature zT close to unity. A 
number of theoretical calculations have suggested that higher zT values can potentially be 
obtained in Bi2Te3 nanostructures because quantum confinement of electrons or the 
presence of topological protected surface electronic states can increase the power factor 
(S
2σ), while phonon-boundary scattering can suppress the phonon or lattice contribution 
to the thermal conductivity (kl). Although increased zT to about 1.4 has been reported in 
nanocomposites of Bi2-xSbxTe3 and attributed to reduced kl, enhanced power factor has 
not been observed in Bi2Te3 nanostructures.
5-7
 
The development of several nanoscale thermal transport measurement methods 
have helped to obtain a better understanding of size-dependent thermal and 
thermoelectric properties in nanostructures. However, these transport measurement 
methods have limitation in their inability to eliminate the contact thermal resistance error 
from the measurement and obtain the intrinsic thermal transport properties. Such and 
other limitations in the current experimental capabilities have resulted in the lack of 
understanding of size-dependent thermal and thermoelectric properties of different 
materials including Bi2Te3 and BAs. 
 
1.2 SCOPE OF WORK 
This dissertation consists of three experimental works. Chapter 2 reports 
thermoelectric measurements of bismuth antimony telluride (Bi1-xSbx)2Te3 nanostructure 
samples synthesized by two different methods, which are metal organic chemical vapor 
 4 
deposition (MOCVD) and vapor solid growth in a tube furnace. The MOCVD grown 
sample is a thin film sample grown on a GaAs substrate with a thickness of 170nm and 
nominal x=0.95. The vapor transport grown samples are single crystalline thin (Bi1-
xSbx)2Te3 nanoplates. With the use of four-probe thermoelectric transport measurement 
method based on a suspended microdevice, the intrinsic Seebeck coefficient, thermal 
conductivity, and electrical conductivity of one MOCVD thin film sample and several 
nanoplate samples with different Sb content x are measured. The results are analyzed to 
understand the effects of chemical composition and size confinement on the 
thermoelectric properties.  
Chapter 3 reports the development of new four probe thermal measurement 
method for measuring both the intrinsic thermal resistance and contact thermal resistance 
of a nanostructure sample. Compared to the four-probe thermoelectric measurement 
method presented in Chapter 2, this new four-probe thermal transport measurement 
method does not require electrical contact made to the sample, and can thus be applied to 
both conducting and insulating nanostructure samples. The method is demonstrated by 
measuring two patterned Si nanowire samples with different cross section areas. The 
results are compared to theoretical calculations. This new nanoscale thermal transport 
method can enable the discovery of the intrinsic size dependent thermal transport 
phenomena in nanostructures, especially those with potentially high thermal conductivity.  
 Chapter 4 reports the application of the new four probe thermal measurement 
method for measuring the intrinsic thermal transport properties of boron arsenide (BAs) 
nanorosds. In addition, the four-probe method is further developed to measure the 
intrinsic thermoelectric properties of the BAs nanostructure sample. The obtained thermal 
and thermoelectric properties are analyzed and compared to theoretical calculation in 
order to better understand phonon transport in BAs.  
 5 
Chapter 5 summarizes the major findings from the three experimental 
investigations presented in this dissertation.  
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Chapter 2:  Thermoelectric Transport in Bismuth Antimony Telluride 
Nanostructures 
 
2.1 INTRODUCTION 
Temperature gradients can be directly converted to electricity by solid state 
thermoelectric devices, which can be employed to recover waste heat from transportation 
vehicles and industrial processes. The efficiency of a thermoelectric device is limited by 
the thermoelectric figure of merit zT=S
2σT/(ke+kl),
1
 where S is the Seebeck coefficient, σ 
is the electrical conductivity, T is the absolute temperature, and ke and kl are the 
electronic and lattice contributions to the thermal conductivity, respectively. There have 
been many efforts to increase the zT by reducing the lattice thermal conductivity kl, such 
as thin film superlattices and low dimensional materials.
2-4
 Another approach to 
increasing zT is to enhance the power factor (S
2σ) by tuning the carrier concentration and 
Fermi level and modifying the electronic band structure.
5, 6
 Although bismuth Telluride 
(Bi2Te3) has been a well-known thermoelectric material for a long time, this material 
system is still under active investigations.
7, 8
 Alloying of Tellurides (Bi2Te3, Sb2Te3, 
PbTe, GeTe) has been employed to enhance the thermoelectric properties.
9-11
 Bi2Te3 has 
also received attention recently because it is a layered material with quintuple structure 
(Te-Bi-Te-Bi-Te), and can be exfoliated or grown in two-dimensional shape. This and 
other two-dimensional layered materials are under active investigation for thermoelectric 
applications because thermoelectric properties can potentially be enhanced by electron 
confinement, surface electronic states, and phonon scattering.
12-15
 
In this chapter, the effect of alloying of Bi2Te3 and Sb2Te3 is investigated. The 
thermoelectric properties of two types of (Bi1-xSbx)2Te3 samples, synthesized by two 
 8 
different methods, are characterized with a microfabricated device according to a four-
probe thermoelectric measurement method. One sample is 170 nm thick film sample 
grown by metal organic chemical vapor deposition (MOCVD). The other one is single 
crystalline nanoplates grown by a catalyst free vapor solid process in tube furnace.
16
 The 
objective of the experiments is to employ alloying to vary the Sb content x to tune the 
electronic states so as to enhance the power factor (S
2σ). 
 
2.2 SAMPLE PREPARATION 
2.2.1 Bi0.1Sb1.9Te3 film sample grown by MOCVD 
The Bi0.1Sb1.9Te3 film sample is grown by a metal organic chemical vapor 
deposition (MOCVD) method by researchers at Center for Solid State Energetics, RTI 
international.
17
 The film sample is grown on a piece of gallium arsenide (GaAs) wafer. 
The film thickness can be controlled during the growth. In this research, 170 nm thick 
Bi0.1Sb1.9Te3 film sample is used for thermoelectric measurements. Prior measurements 
of similar Bi0.1Sb1.9Te3 films still supported on a GaAs substrate suggest that high power 
factor (S
2) can be obtained. However, the thermal conductivity has not been measured 
on the same sample where the power factor is measured. 
To measure the thermal conductivity, Seebeck coefficient, and electrical 
conductivity of the Bi0.1Sb1.9Te3 film sample, the film sample is patterned and suspended 
before the sample is transferred onto a suspended device for four-probe thermoelectric 
measurements.
18
 The Bi0.1Sb1.9Te3 film sample is patterned first with photo-lithography 
and reactive ion etch (RIE) process, and suspended with wet etch process of GaAs 
substrate. The RIE process is carried out in the Oxford ICP etcher with the gas mixture 
ratio of CH4:H2:Ar=3:1:3, and the photo-resist is stripped off with N-Methyl-2-
 9 
pyrrolidone (NMP) based solvent such as remover PG. The wet etch process of the GaAs 
substrate is done with the etchant mixture ratio of NH4OH:H2O2:H2O=1:3:18 for about 
10-20 min. The ratio of the etchant is optimized to etch the GaAs substrate effectively 
and to minimize the damage to the Bi0.1Sb1.9Te3 film sample. Figure 2.1 shows the 
patterned and suspended Bi0.1Sb1.9Te3 film sample. 
The suspended device used for thermoelectric measurements is a new design 
based on those reported previously.
19
 Figure 2.2 shows the device design and fabrication 
process. The device consists of two serpentine Pt supported on two suspended SiNx 
membranes. Each Pt serpentine is connected to four Pt leads supported on long suspended 
SiNx beams for four-probe electrical measurement of the electrical resistance of the 
serpentine, which depends on the temperature so that the serpentine can be used as a 
heater and a thermometer. Each serpentine is covered by a thin HfO2 insulating layer, on 
top of which two additional Pd contact pads are deposited, and connected to two Pt leads 
supported by long SiNx beams. The four Pt contact pads on the two membranes allow for 
four-probe electrical measurement of a nanostructure suspended between the two 
membranes. Moreover, they can be used to measure the thermovotlage drops along 
different segments of the nanostructure when one Pt serpentine is electrically heated to 
generate a temperature gradient along the sample. The measured thermovotlage drops can 
be used to determine the temperature drops along the suspended and supported segments 
of the nanostructure, so that both the contact thermal resistance and intrinsic thermal 
resistance and Seebeck coefficient of the suspended segment of the nanostructure can be 
obtained, as discussed in details in a prior work.
18
 
The patterned Bi0.1Sb1.9Te3 film sample can be assembled on the pre-fabricated 
suspended device with the use of a polymethyl methacrylate (PMMA) carrier layer. 
Figure 2.3 shows the process of transferring and aligning a patterned Bi0.1Sb1.9Te3 film 
 10 
sample on a prefabricated suspended device. The patterned and suspended film sample is 
picked up with a sharp Tungsten probe controlled by a XYZ micro manipulator, and 
transferred on a piece of substrate coated with water soluble polyvinyl alcohol (PVA). 
Thick PMMA is spin coated on this piece of substrate with the Bi0.1Sb1.9Te3 film sample. 
The film sample adheres to the PMMA very well. The PVA layer is dissolved in 
deionized water, so that the PMMA layer with the film sample floats on the water. This 
relatively large PMMA layer is transferred with the sharp probe on a pre-fabricated 
suspended device, and aligned by the XYZ micro manipulator. After the alignment of the 
sample, the whole assembly is thermally annealed at 180°C in tube furnace, which is 
maintained at the pressure of 1 Torr with Ar atmosphere, to enhance the adhesion 
between the sample and the suspended device and to release the stress which causes 
warping of the sample. The PMMA layer can be removed by dipping the device in 
acetone after the annealing process. After two narrow SiNx connecting bars are broke 
using the sharp probe or a focused laser beam, the sample preparation is completed to 
obtain a measurement device with the film sample suspended between the two 
membranes, as shown in figure 2.4. 
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Figure 2.1: A 170 nm thick Bi0.1Sb1.9Te3 film sample grown on GaAs substrate is 
patterned by photo lithography and reactive ion etching, and suspended after 
wet etching of the GaAs substrate. 
 
 
Figure 2.2: Structure of the 6-beam suspended measurement device (a), and an optical 
micrograph of a fabricated device before a sample is assembled on the 
device (b). 
10 μm
Low stress SiNx
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Figure 2.3: Patterned Bi0.1Sb1.9Te3 film sample is picked up with a sharp tungsten probe, 
and transferred on a piece of a Si substrate coated with a PVA layer (a). 
After the PMMA layer is spin coated on the sample, the PMMA layer 
together with the film sample is transferred and aligned on a pre-fabricated 
suspended device (b). 
 
(b)
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Figure 2.4: Optical micrograph of a 170nm thick Bi0.1Sb1.9Te3 film sample assembled 
on a pre-fabricated suspended device for thermoelectric measurement.  
 
2.2.2 Nanoplates grown by vapor solid method 
Two-dimensional (BixSb1-x)2Te3 thin crystal plates with various Sb content x are 
grown by catalyst free vapor solid method in a tube furnace.
16
 Figure 2.5 (a) shows the 
schematic diagram of the growth system. Source materials of Bi2Te3 and Sb2Te3 are 
located at the center of the quartz tube, and a piece of Si wafer with 300 nm thick surface 
SiO2 is located at the end part of the furnace, which is at a lower temperature than the 
temperature of source materials. The temperature of the furnace is maintained at 478 °C 
10 μm
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for 3 hours, and is slowly cooled down for 12 hours to room temperature. After the 
growth, many (BixSb1-x)2Te3 crystal plates can be found on the Si substrate, as shown in 
figure 2.5 (b).Some of them stick out of the surface of substrate, so that they can be 
picked up with a sharp tungsten probe. The picked up sample is transferred directly onto 
the pre-fabricated device by a XYZ micro manipulator under the microscope.  
Figure 2.6 (a), (b) show completed devices ready to be measured with (Bi1-
xSbx)2Te3 sample of x=0.7 and x=0.95, respectively, where x is determined based on the 
ratio in the source material instead of in the synthesized nanoplates. Upon the completion 
of the thermoelectric measurements, atomic force microscopy (AFM) is used to measure 
the thickness of the (Bi1-xSbx)2Te3 plate assembled on the device. Figure 2.6 (c), (d) show 
the AFM images of the sample with x =0.7 and 0.95, respectively. Five samples of 
different Sb content x = 0.07, 0.25, 0.5, 0.7, and 0.95 have been transferred and measured 
in this work. Among them, three samples of x=0.07, 0.25, and 0.5 are measure by 
Michael T. Pettes in same research group. 
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Figure 2.5: The vapor solid growth setup for (Bi1-xSbx)2Te3 (a). The nanoplate samples 
can be picked up and transferred on a device by a sharp tungsten probe (b).  
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Figure 2.6: Optical micrographs for (Bi1-xSbx)2Te3 nanoplates of x=0.7 (a), and x=0.95 
(b). AFM images (c and d) of the areas indicated as a red square in (a) and 
(b).  
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2.3 MEASUREMENT RESULTS 
2.3.1 Bi0.1Sb1.9Te3 film sample grown by MOCVD 
Thermoelectric measurement is carried out in the temperature range from 100 to 
350K. Figure 2.7 shows a schematic diagram of the measurement setup. One membrane 
is heated by a direct current (IDC), which is ramped from 0 to -20 μA, -20 μA to +20 μA, 
and +20 μA to 0 with 203 steps per ramping cycle. The Joule heating results in an 
increase of the electrical resistance (Re) of each Pt serpentine, which is measured with a 
small sinusoidal current (iac) and a lock-in amplifier. For the heating membrane where IDC 
flows, the frequency of the iac coupled to the IDC needs to be sufficiently high, typically 
about 2kHz, so that the first harmonic heating term (2IDCiacRe) is fast compared to the 
thermal time constant of the device and the resulted first harmonic temperature rise in the 
heating membrane is negligible.
19
 In this case, the electrical resistance of the heating Pt 
serpentine can be obtained directly as vac/iac, where vac is the first harmonic component of 
the measured voltage drop over the Pt serpentine. In comparison, such frequency 
requirement is not necessary for the other sensing Pt serpentine without the heating 
current. The measured increase in Re of each Pt serpentine can be used to obtain the 
temperature rise in each Pt serpentine based on the measured temperature coefficient of 
resistance of each Pt serpentine. In addition, the thermovoltage drops between the two Pd 
inner electrodes and that between the two outer electrodes are measured simultaneously 
during the ramping cycle. Figure 2.8 shows the measured temperature rise of each Pt 
serpentine as a function of the heating current, and the thermovoltage drops as a function 
of the temperature differences between the two serpentines. The ratio of two 
themovoltage drops, γ=S14/S23=(T1-T4)/(T2-T3), can be used to determine and eliminate 
the contact thermal resistance by assuming a fin temperature profile with constant heat 
conductance at the thermal contact, and uniform temperature on each membrane.
18
 
 18 
Because γ gives the information of actual temperature on different points of the sample, 
the temperature profile can be obtained from the fin temperature profile. From the 
temperature profile, the intrinsic Seebeck and thermal resistance of the sample can be 
determined. 
Figure 2.9 shows the measured thermal conductivity and Seebeck coefficient of 
the Bi0.1Sb1.9Te3 film sample. The thermal conductivity is about 2 Wm
-1
K
-1
 and 
approximately independent of temperature between 100 and 350 K. The electronic 
contribution to the total thermal conductivity is calculated from the measured electrical 
conductivity by the Wiedemann-Franz law.  
The measured Seebeck coefficient is positive, revealing that the sample is a p-
type semiconductor. The measured Seebeck coefficient increases nearly linearly with the 
temperature, with a value of 89 µV/K at 300K. Together with the decreasing electrical 
conductivity with increasing temperature, the linear temperature dependence of the 
Seebeck coefficient reveals that the sample is degenerately p-dope. Figure 2.10 shows the 
thermoelectric figure of merit (zT) calculated from the three measured thermal and 
thermoelectric properties. It is worth noting that the thermoelectric properties of (Bi1-
xSbx)2Te3 can depend sensitively on the processing conditions. In particular, the 180 °C 
annealing process used in the sample preparation process could have potentially altered 
the chemical composition in the materials with relatively low melting temperature and 
high vapor pressure for constituent elements. As such, the measured thermoelectric 
properties can differ from those measured on the original thin film supported on the GaAs 
substrate. 
The measurement results can be used to better understand the lattice and 
electronic contributions to the thermal conductivity. According to a single  parabolic 
 19 
band model, the measured Seebeck coefficient can be used to extract the, Fermi level, 
hole carrier concentration, and Lorenz number (L = ke / σT) according to 
 
𝑆 =
𝑘𝐵
𝑒
{
(𝑟𝑝 +
5
2)𝐹𝑟𝑝+3/2(𝜂)
(𝑟𝑝 +
3
2)𝐹𝑟𝑝+1/2(𝜂)
− 𝜂}      (1) ,      𝐹𝑟(𝜂) = ∫
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3
2
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2
(𝜂)       (3),        𝐿 = (
𝑘𝐵
𝑒
)
2
{
3𝐹2(𝜂)
𝐹0(𝜂)
−
4𝐹1(𝜂)
2
𝐹0(𝜂)2
}      (4) 
 
where the reduced Fermi level η = EF / kBT, and rp = -1/2 for acoustic phonon and 
boundary scattering dominant condition. The calculation values are shown in Figure 2.11. 
The Fermi level is referenced at valence band edge, and positive Fermi energy refers to 
the case that the Fermi level is located below the valence band edge. The hole 
concentration is close to order of 10
20
 cm
-3
, confirming that the sample is highly 
degenerate.  
The obtained Lorenz number at 100K is close to the value of metallic limit, and 
decreasing with the increasing temperature. The obtained Lorenz number is used together 
with the measured electrical conductivity to calculate the electronic contribution (ke) to 
the thermal conductivity according to the Wiedemann–Franz law. The obtained ke is then 
subtracted from the measured total thermal conductivity to obtain the lattice thermal 
conductivity (kl). As shown in Fig. 2.9, the obtained ke and kl are comparable to each 
other, and are insensitive to temperatures in the range between 100 and 350 K.  
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Figure 2.7: Schematic diagram of a measurement device. Each serpentine Pt line is used 
as a resistive heater and thermometer. Heating is made by direct current 
(DC), and temperature is measured by alternating current (AC).  
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Figure 2.8: Measured temperature of each membrane (a), and thermovoltage drops of 
inner and outer electrodes as a function of temperature difference (b).  
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Figure 2.9: Measured thermal conductivity (a) and Seebeck coefficient (b) as a function 
of temperature.  
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Figure 2.10: Measured electrical conductivity (a) and thermoelectric figure of merit zT 
(b) as a function of temperature.  
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Figure 2.11: Calculated reduced Fermi level (a), hole carrier concentration (b), and 
Lorenz number (c) based on the measured Seebeck coefficient. 
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2.3.2 Nanoplates grown by vapor solid method 
Figure 2.12 and figure 2.13 show the measured Seebeck coefficient (S) and 
thermoelectric figure of merit (zT) of five (BixSb1-x)2Te3 thin crystal plate samples with 
different Sb concentration as a function of the Sb content x and temperature, respectively. 
It is worth noting that the five samples have different layer thickness. The thinner 
samples can be affected more by surface scattering and surface electronic states. A 
previous work has suggested that surface band bending occured in thin Bi2Te3 nanoplates 
exposed to air and resulted in suppressed Seebeck coefficient.
20
 Despite the difference in 
the sample thickness and potentially different degrees of the surface effects, the obtained 
thermoelectric properties still reveal some clear dependence on Sb content in (BixSb1-
x)2Te3 thin crystal plates. For example, the measured Seebeck coefficient changes sign 
from a negative value to a positive value at x between 0.07 and 0.25, suggesting a change 
of the majority charge carriers from electrons to holes. The magnitude of the Seebeck 
coefficient of these five compositions reach a peak value of about 120 μV/K at a Sb 
concentration near x = 0.5, where the highest zT value of 0.25 has been measured among 
these samples. 
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Figure 2.12: Measured Seebeck coefficient (a) and thermoelectric figure of merit zT (b) 
as a function of Sb content x. Some of data points are measured by Michael 
T. Pettes in same research group. 
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Figure 2.13: Measured Seebeck coefficient (a) and thermoelectric figure of merit zT (b) 
as a function of temperature. Some of data points are measured by Michael 
T. Pettes in same research group. 
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2.4 SUMMARY 
The thermoelectric properties of two types of bismuth antimony telluride samples 
synthesized by different growth methods have been measured in this work. For 
Bi0.1Sb1.9Te3 film samples grown by MOCVD method with 170 nm thickness, the sample 
is patterned, and suspended and transferred with a PMMA carrier layer on a suspended 
device for four-probe thermoelectric measurements in the temperature range between 
100K and 350K. The Seebeck coefficient is positive and increases approximately linearly 
with increasing temperature. In addition, the electrical conductivity decreases with 
increasing temperature. These trends suggest that the sample is degenerately p-doped. 
With the use of a single parabolic band model, the measured Seebeck coefficient is used 
to calculate a hole concentration to be about the order of 10
20
 cm
-3
. In addition, the 
thermal conductivity is about 2 Wm
-1
K
-1
 and insensitive to temperatures in the 
temperature range. The lattice contribution to the thermal conductivity is comparable to 
the electronic contribution, which is determined from the Wiedemann–Franz law, where 
the Lorenz number is obtained from the single parabolic band model and the measured 
thermoelectric properties..  
For (Bi1-xSbx)2Te3 nanoplate samples grown by vapor solid method in a tube 
furnace with different Sb concentration x, the nanoplates is directly picked up and 
transferred with a sharp tungsten probe onto the measurement device to eliminate the 
PMMA transfer and annealing step, which could potentially alter the chemical 
composition and thermoelectric properties of the MOCVD sample. The measurement 
results show that the sign of Seebeck coefficient changes from negative to positive at x 
between 0.07 and 0.25, corresponding to a change of the majority charge carrier type 
from electrons to holes. The maximum value of Seebeck coefficient and thermoelectric 
figure of merit zT appear at x=0.5. These results and the established experimental 
 29 
methods provide a solid foundation to further investigating the size and composition 
dependence in the thermoelectric properties of this and other families of thermoelectric 
materials. 
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Chapter 3:  A novel four-probe thermal transport measurement 
method for nanostructures 
This chapter describes a novel four-probe thermal transport measurement method 
for nanostructured materials such as nanowires, nanorods, and nanoribbons. A unique 
feature of this measurement method is its capability of separating the contact thermal 
resistances and intrinsic thermal resistance of the nanostructured sample. The 
measurement device is composed of four suspended resistant thermometer lines, and the 
nanostructured sample is located across all four suspended1 thermometers. The heat flow 
through each thermal contact is different from the heat flow through the sample, which 
allows for the separation of the contact thermal resistances and intrinsic thermal 
resistance. Single crystalline silicon nanowire samples of two different cross section areas 
are measured to demonstrate the effectiveness of the measurement method. Because this 
new four-probe thermal transport measurement method can yield accurate experimental 
data for calibrating theoretical models, it can potentially play an important role in the 
investigation of unique size dependent thermal transport phenomena of nanostructured 
materials, which continue to be synthesized or discovered by the nanomaterials research 
society. 
 
3.1 INTRODUCTION 
There have been active developments of nanofabrication and synthesis methods 
for nanostructured materials, such as nanowires, nanorods, carbon nanotubes, and 
graphene. The characteristic lengths of these nanomaterials are comparable to the 
                                                 
Jaehyun Kim, Eric Ou, Daniel P. Sellan, Li Shi, A four-probe thermal transport measurement method for 
nanostructures. Review of Scientific Instruments, 2015. 86(4): p. 044901. 
LS and JK conceived the main concept behind the measurement method. JK and EO fabricated the measurement 
devices. JK carried out the thermal measurements. EO, JK, and LS carried out thermal conductivity modeling. DPS 
contributed to the development of the measurement method and assisted in early stage of the experiments. 
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scattering mean free path or wavelength of the charge or heat carriers. As such, they can 
exhibit unique size-dependent electrical and thermal transport properties compared to the 
bulk counterparts. For example, elimination of inter-layer interaction is expected to result 
in enhanced basal plane thermal conductivity of clean suspended single-layered graphene 
(SLG) and single-walled carbon nanotubes (SWCNTs) compared to the already high 
values found for graphite.
1
 Scattering is especially suppressed for low-frequency phonons 
in clean suspended SLG and SWCNTs, so that the thermal conductivity contribution 
from these long-wavelength modes can be limited mainly by scattering at the lateral 
edges instead of phonon-phonon processes.
2
 Exploring size dependent thermal properties 
can enhance understanding of thermal transport physics and is relevant to thermal 
management of integrated electronic devices or thermoelectric energy conversion 
devices. 
Several experimental methods were developed to measure thermal transport 
properties of nanostructured materials such as nanowires, carbon nanotubes, nanoribbons, 
graphene, and other low dimensional materials.
3-21
 These methods employ various kinds 
of thermometry techniques, including suspended micro devices with resistive 
thermometry, Raman spectroscopy, thermal reflectance, and bimaterial cantilevers.
22
 The 
development of these thermal measurement techniques has remarkably enhanced the 
capability in understanding nanoscale thermal transport physics. However, there are 
several important limitations in the existing nanoscale thermal transport measurement 
methods.
23-25
 Among these limitations, the contact thermal resistance between the 
nanostructured sample and the measurement device has been a major source of error. 
Without separating the contact thermal resistances from the measurement results, there 
have been critical questions on the exact cause of the length dependent thermal 
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conductivities or abnormally low thermal conductivity values reported from a number of 
measurements on nanostructured materials. 
There are several reported measurement methods for probing independently both 
contact thermal resistance and intrinsic thermal resistance of nanostructured sample. One 
method is using the measured thermovoltage drops along the contact and suspended 
segments of a nanostructure sample to determine the contact thermal resistance of the 
nanostructure suspended between two serpentine Pt resistance thermometers on two 
suspended membranes.
11
 Specifically, there are two Pt electrodes in contact with the 
nanostructure on each of the two membranes of the measurement device. The 
thermovoltage drop along different segments of the nanostructure can be measured 
between any two of the four Pt electrodes. The difference of the thermovoltage drops 
measured between the outer contacts and the inner contacts of the sample is used to 
determine temperature drop at the contacts and contact thermal resistance. This method is 
effective only for electrically conducting sample with a large and uniform Seebeck 
coefficient compared to the Pt electrodes, and requires ohmic electrical contact between 
Pt electrodes and the nanostructured sample. Another method employs focused laser or 
electron beam heating on the suspended nanostructured sample, and measures spatial 
distribution of the thermal resistances along the sample by moving the heating beam 
along the sample.
9, 26
 However, focused laser or electron beam can also damage the 
nanostructured sample and change thermal properties of the sample. In addition, it 
remains a challenge to employ this rather complicated method to measure thermal 
transport properties in the low temperature range where many interesting thermal 
transport phenomena may exist. Because of the limitations and complications in these 
existing nanoscale thermal transport measurement methods, there is a need to establish 
 34 
new methods for measuring both the contact thermal resistance and intrinsic thermal 
resistance of a nanostructured sample in a wide temperature range. 
In this chapter, a novel four-probe thermal transport measurement method is 
presented. This method is able to probe independently both the contact thermal 
resistances and intrinsic thermal resistance of the nanostructured sample. The 
effectiveness of the method is demonstrated with two Si nanowire samples with different 
cross section areas, and the measurement results are compared to theoretical models. 
 
3.2 MEASUREMENT METHOD 
The device for the four-probe thermal measurement consists of four suspended 
Pt/SiNx resistance thermometer lines (RT1, RT2, RT3, and RT4) with a nanostructured 
sample assembled across all four RTs as shown in figure 3.1. One of the four Pt/SiNx line 
(i
th
 line) is electrically heated by a direct current (I), and the average temperature rise 
(?̅?𝑗,𝑖) in the j
th
 Pt/SiNx line is measured from the thermally induced increase of the 
electrical resistance of the line measured with a four probe configuration.
27, 28
 By 
changing both i and j from 1 to 4, a total of 16 measurement data of the ?̅?𝑗,𝑖/(IV)i ratio can 
be obtained, where V and (IV)i are the measured voltage drop and Joule heating rate in the 
i
th
 heating line, respectively. From these 16 measurement data, we can determine nine of 
the eleven thermal resistances in the system shown in the thermal resistance circuit of 
Figure 3.2, including the two contact thermal resistances (Rc,2 and Rc,3) and the intrinsic 
thermal resistance (R2) of the nanostructured sample. 
The temperature rise at the contact point of the j
th
 thermometer line (𝜃𝑐,𝑗,𝑖) can be 
obtained from the measured average temperature rise ?̅?𝑗,𝑖 when the i
th
 line is electrically 
heated. The temperature distribution in the j
th
 line is linear, as shown in figure 3.1, so that 
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𝜃𝑐,𝑗,𝑖 = 2?̅?𝑗,𝑖, for j  i             (1) 
From the measured contact point temperature rise, the heat flow from each thermometer 
line into the nanostructured sample can be expressed from the thermal resistance circuit 
figure 3.2 according to 
𝑄𝑗,𝑖 = −𝜃𝑐,𝑗,𝑖/𝑅𝑏,𝑗 , for   𝑗 ≠ 𝑖        (2a) 
𝑄𝑖,𝑖 = − ∑ 𝑄𝑗,𝑖𝑗,𝑗≠𝑖                   (2b) 
 
 
Figure 3.1: Optical micrograph of a device for four-probe thermal measurement with a 
Si nanowire sample assembled across all four suspended Pt/SiNx RTs. The 
temperature profile of the i
th
 heater line shows a parabolic shape because of 
uniform Joule heating, and the other three j
th
 lines show linear temperature 
profile. 
θj,i
-L
+L
di
x = 0
ith line
jth line
dj
x 
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Figure 3.2: Thermal resistance circuit of the measurement device when RT1 is used as a 
heater at a rate of (IV)1. R1, R2, and R3 are the thermal resistances of the left, 
middle, and right suspended segments of the suspended Si nanowire sample. 
Rc,j is the contact thermal resistance between the j
th
 Pt/SiNx line and the 
sample. Rb,j is the thermal resistance of the j
th
 Pt/SiNx resistance 
thermometer line. 𝜃𝑐,𝑗,𝑖 is the j
th
 Pt/SiNx line temperature at the contact to 
the sample when the i
th
 line is used as the heater line. The temperature rise 
𝜃0 at the two ends of each of the suspended Pt/SiNx lines is assumed to be 
negligible because the spreading thermal resistance of the Si substrate is 
orders of magnitude lower than Rb,j. 
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The thermal resistance of each suspended resistance thermometer line is given as  
 
𝑅𝑏,𝑗 =
𝐿𝑗
2𝜅𝑗𝐴𝑗
[1 − (
𝑑𝑗
𝐿𝑗
)
2
],                   (3) 
 
Here, 𝜅𝑗, Aj, and 2Lj are the effective thermal conductivity, cross-sectional area, and 
length of the j
th
 suspended thermometer line, and dj is the deviation of the center of the j
th
 
line from its point of contact to the nanostructure sample, as shown in figure 3.1. 
The temperature distribution in the i
th
 line with Joule heating shows a parabolic 
profile as illustrated in figure 3.1. A solution of this temperature distribution as a function 
of distance (x) from the center can be obtained by solving the heat diffusion equation 
with appropriate boundary conditions. The obtained solution is  
 
𝜃𝑖,𝑖(𝑥) =
(𝐼𝑉)𝑖
4𝜅𝑖𝐴𝑖𝐿𝑖
(𝐿𝑖
2 − 𝑥2) +
[𝑑𝑖+(−1)
𝐻(𝑑𝑖−𝑥)𝐿𝑖]
2𝜅𝑖𝐴𝑖𝐿𝑖
[𝑥 − (−1)𝐻(𝑑𝑖−𝑥)𝐿𝑖]𝑄𝑖,𝑖  (4) 
 
Here, the Heaviside step function H() takes the value of 0 and 1 for  < 0 and   0, 
respectively. This temperature distribution can be used to calculate the average 
temperature rise of the i
th
 line as 
 
?̅?𝑖,𝑖 =
1
2𝐿𝑖
∫ 𝜃𝑖,𝑖(𝑥)𝑑𝑥
𝐿𝑖
−𝐿𝑖
                   (5) 
 
After carrying out the integration, the relationship between the average temperature rise 
?̅?𝑗,𝑖 and the thermal resistances Rb,j of suspended thermometer lines can be obtained as  
 
∑
?̅?𝑗,𝑖/(𝐼𝑉)𝑖
𝑅𝑏,𝑗
4
𝑗=1 =
1
3[1−(𝑑𝑖/𝐿𝑖)
2] 
, for i = 1, 2, 3, and 4            (6) 
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Equation (6) yields four equations for i=1, 2, 3, 4 with four unknown values of the 
thermal resistances Rb,1, Rb,2, Rb,3, and Rb,4 of each suspended thermometer line. These 
four equations can be written in a matrix form, where the sixteen ?̅?𝑗,𝑖/(𝐼𝑉)𝑖 
measurement values are the elements of a 4 x 4 matrix. This matrix can be inverted to 
obtain the thermal resistances Rb,1, Rb,2, Rb,3, and Rb,4. With the four obtained Rb,j values, 
the contact point temperature rise of the heater line can now be calculated as  
 
𝜃𝑐,𝑖,𝑖 ≡ 𝜃𝑖,𝑖(𝑥 = 𝑑𝑖) = 𝑅𝑏,𝑖 [
(𝐼𝑉)𝑖
2
− 2 (∑
?̅?𝑗,𝑖
𝑅𝑏,𝑗
4
𝑗=1 −
?̅?𝑖,𝑖
𝑅𝑏,𝑖
)]           (7) 
 
From the Equations (1), (2), and (7), we can obtain sixteen pairs of 𝜃𝑐,𝑗,𝑖/
(𝐼𝑉)𝑖  and 𝑄𝑗,𝑖/(𝐼𝑉)𝑖  data, with both i and j ranging from 1 to 4. These sixteen pairs of 
measurement values can be used to determine five thermal resistances in the thermal 
circuit of figure 3.2, where R1, R2, and R3 are the intrinsic thermal resistances of the left, 
middle, and right suspended segments of the nanostructured sample, and Rc,1, Rc,2, Rc,3, 
and Rc,4 are the contact thermal resistances at the four contacts between the sample and 
the thermometer lines. Based on the thermal resistance circuit in figure 3.2, the 
temperature difference between the contacts of two middle thermometers can be 
expressed as  
 
𝜃c,2,𝑖 − 𝜃c,3,𝑖 = 𝑄2,𝑖𝑅𝑐,2 + (𝑄1,𝑖 + 𝑄2,𝑖)𝑅2 − 𝑄3,𝑖𝑅𝑐,3, for i = 1,2,3,4      (8) 
 
The three unknown values of the thermal resistances R2, Rc,2, and Rc,3 can be determined 
from these four equations. 
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In addition, the temperature difference between the contact points of the two left 
thermometers can be expressed as  
 
𝜃𝑐,1,𝑖 − 𝜃𝑐,2,𝑖 = 𝑄1,𝑖(𝑅1+𝑅𝑐,1) − 𝑄2,𝑖𝑅𝑐,2 , for i = 1, 2, 3, 4,        (9)  
 
while that between two right thermometers can be expressed  
𝜃𝑐,4,𝑖 − 𝜃𝑐,3,𝑖 = 𝑄4,𝑖(𝑅3+𝑅𝑐,4) − 𝑄3,𝑖𝑅𝑐,3 , for i = 1, 2, 3, 4       (10) 
 
With the already obtained values of Rc,2 and Rc,3 from the Equation (8), (R1 + Rc,1) and (R3 
+ Rc,4) can be determined by Equation (9) and (10), respectively. 
Hence, the measurement of sixteen average temperature values ?̅?𝑗,𝑖/(IV)i can be 
used to determine the nine thermal resistances shown in the thermal circuit of figure 3.2, 
including Rb,1, Rb,2, Rb,3, Rb,4, Rc,2, R2, Rc,3, R1+Rc,1, and R3+Rc,4. The contact thermal 
resistances at the end contacts (Rc,1 and Rc,4) cannot be separated from the sum with the 
thermal resistance of the adjacent suspended sample segment (R1+Rc,1 and R3+Rc,4) 
because the heat flow rates through each end contact and the adjacent sample segment are 
always same. In comparison, the heat flow rates through the two middle contacts (Rc,2 
and Rc,3) and the middle sample segment (R2) are different, and depend on which Pt/SiNx 
line is used as the heater line. This characteristic of the system can be used to separate the 
contact thermal resistances (Rc,2 and Rc,3) and the intrinsic thermal resistance (R2) of the 
middle suspended segment of the nanostructured sample. 
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3.3 EXPERIMENTAL RESULTS 
Two single crystalline silicon nanowire samples with different cross section areas 
of 240 nm x 220 nm and 740 nm x 220 nm were measured to demonstrate the 
effectiveness of the new four probe thermal measurement method. The cross section 
areas were intentionally chosen to be relatively large, so that the results obtained from the 
new measurement method can be compared with established theoretical models without 
the need to consider quantum confinement or anomalous surface scattering effects, which 
are not well explained yet. The measurement results were compared with two different 
theoretical models. 
3.3.1 Device fabrication and sample preparation 
Figure 3.3 shows the measurement devices assembled with two silicon nanowire 
samples of different cross section areas, which are 740 nm x 220 nm and 240 nm x 220 
nm. The process of making the device consists of three parts, including fabrication of the 
suspended device, patterning of the silicon nanowires, and transferring of the nanowire 
onto the measurement device.  
The fabrication of the suspended device is carried out with conventional 
semiconductor processing techniques such as photolithography, metal evaporation, 
reactive ion etching, and wet chemical etching. The length of each suspended 
thermometer line is 200 μm and the width is 2 m for the devices shown in figure 3.3. 
These length and width can be adjusted depending on the measured nanostructure 
sample. When the thermometer line width is much smaller than the length of the middle 
suspended segment of the nanostructure sample and the length of the thermometer line is 
much longer than the width of the sample, the contact between the thermometer line and 
the sample can be approximated as a point contact, which is assumed in the previous 
analysis. For measuring a wider sample than the Si nanowire, such as a graphene flake, 
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the length of the four suspended thermometer lines can be designed to be much longer 
than the sample width, so that the contact can be approximated as a point contact. 
The silicon nanowire sample is fabricated from a silicon-on-insulator (SOI) wafer 
with a 220 nm thick top silicon layer doped with 5 x 10
16
 cm
-3
 boron and 3 μm thick 
buried SiO2 layer. The nanowire is first patterned by electron beam lithography and 
reactive ion etching of the top Si to obtain the width of 740 nm and 240 nm. The 
nanowires are suspended by wet etching the buried SiO2 layer with diluted hydrogen 
fluoride acid. Figure 3.4 shows the obtained suspended silicon nanowires.  
Once the suspended device and the nanowire sample are made, the nanowire can 
be transferred with a polymethyl methacrylate (PMMA) carrier layer on a device. Figure 
3.4 shows the process of transferring and aligning a nanowire sample on a prefabricated 
suspended device. The patterned and suspended nanowire sample is picked up with a 
sharp tungsten probe, and transferred to a piece of wafer coated with polyvinyl alcohol, 
(PVA), which is water soluble. A PMMA layer is spin coated on this piece of wafer, and 
the PVA layer is dissolved in deionized water, resulting in the separation of PMMA 
layer. The nanowire sample is still attached to the PMMA layer, so that we can 
manipulate the large PMMA layer and align the attached nanowire sample on the 
measurement device. After aligning the silicon nanowire sample, the PMMA layer is 
removed by heating to a temperature of 350°C in a low-pressure tube furnace with argon 
and hydrogen flow. 
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Figure 3.3: Completed devices assembled with silicon nanowire samples of two 
different cross section areas: 740 nm x 220 nm and 240 nm x 220 nm. 
2 μm
740 nm
20 μm
20 μm
2 μm
240 nm
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Figure 3.4: Process of transferring silicon nanowire sample on a pre-fabricated device 
with four suspended thermometer lines. The nanowire is first transferred on 
a piece of wafer with polyvinyl alcohol (PVA) coating, and polymethyl 
methacrylate (PMMA) is spin coated on the piece. The PVA layer is 
dissolved in water, and the PMMA layer with the nanowire sample is 
floating on water. The PMMA layer is transferred and aligned on a 
suspended device, and the PMMA layer is removed finally. 
Silicon on Insulator wafer 
(220nm thick top Si, 3µm buried Oxide)
Sharp Tungsten probe by micro manipulator
Transfer on PVA coated wafer
(Polyvinyl alcohol : water soluble) 
Spin coat PMMA
Dissolve PVA in water
Transfer PMMA-sample assembly 
on a prefabricated suspended device
Remove PMMA
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3.3.2 Measurement setup 
After wire bonding the completed device on a chip carrier, it is measured in a high 
vacuum cryostat with environment temperature control. When one of the suspended 
thermometer line (i
th
 line) is heated by direct current I ramped between -350 μA and +350 
μA, voltage drop is measured between both ends of the line to calculate the electrical 
resistance (Re,i) of the i
th
 heating line. The other three thermometer lines are connected to 
lock-in amplifiers, and the electrical four probe resistance (Re,j) of each line is measured 
by flowing a 1 μA sinusoidal excitation current. The sinusoidal sensing current is about 
350 times smaller than the maximum direct heating current applied to the heating line, so 
the corresponding Joule heating rate is five orders of magnitude smaller. Moreover, the 
sinusoidal sensing current is constant, and does not affect the measured temperature rise 
(𝜃𝑗,𝑖) of a thermometer line caused by the heating current, and only shifts the absolute 
temperature. Consequently, the theoretical results of 𝜃𝑗,𝑖 distributions are not affected by 
the small sinusoidal sensing current. 
The silicon nanowire samples measured in this work did not make electrical 
contact to the thermometer lines because of the amorphous native oxide on the Si 
nanowire, so that all the resistance of the thermometer lines can be measured 
simultaneously. If the sample made electrical contact to the thermometer lines, it could 
still be measured by connecting a floating current source to the heater line. The electrical 
resistance of the other three lines could be measured with a lock-in amplifier one at a 
time at the same heating current to prevent electrical current flowing through the sample. 
 
3.3.3 Measurement results 
Figure 3.5 (a) shows a set of measurement data of the electrical resistance rise 
ΔRe,j = Re,j(I) - Re,j(I = 0) when the direct heating current is applied to the first line (i=1). 
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To convert this electrical resistance rise to the average temperature rise (?̅?𝑗,𝑖 ), the 
temperature coefficient of resistance (TCR) of each thermometer line needs to be 
measured. The electrical resistance of each line at zero heating current, Re,j(I = 0), was 
measured with the sample stage temperature (T0) varied from 100 K to 400 K. Figure 3.5 
(b) shows the linear temperature dependence of the electrical resistance of each 
thermometer line as a function of stage temperature. The linear slope can be used to 
obtain the TCR for each line.  
The obtained average temperature rise (?̅?𝑗,𝑖) of each thermometer line can be 
plotted as a function of the electrical heating rate (IV)i in the i
th
 heater line as shown in 
figure 3.6 (a). The slope ?̅?𝑗,𝑖/(IV)i is used to determine the thermal resistance of each 
thermometer line Rb,1, Rb,2, Rb,3, and Rb,4 with equation (6). The results are shown in 
figure 3.7. The four suspended thermometer lines are designed to have the same 
dimension, so that the measured thermal resistances are almost the same. After these 
thermal resistances are obtained, the sixteen pairs of 𝜃𝑐,𝑗,𝑖/(𝐼𝑉)𝑖  and 𝑄𝑗,𝑖/(𝐼𝑉)𝑖  can be 
determined according to equations (1), (2), and (7). Figure 3.6 (b) shows the obtained 
𝑄𝑗,1 as a function of the heating current in the first line, and figure 3.8 shows the linear 
slope of 𝜃𝑐,𝑗,1/(𝐼𝑉)1  and 𝑄𝑗,1/(𝐼𝑉)1 at 350K. 
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Figure 3.5: (a) Measured electrical resistance rises of RT1, RT2, RT3, and RT4 as a 
function of the heating current in RT1 at sample stage temperature T0 = 
350K. (b) Measured Re(I = 0) at different sample stage temperature (T0). The 
temperature coefficient of resistance (TCR) can be obtained from the linear 
fit of each set of the measurement data. 
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Figure 3.6: (a) Measured average temperature rise of each RT as a function of Joule 
heating rate in the first line when T0 = 350K. (b) Net heat flow rate across 
the contact point from each thermometer line into the nanowire sample as a 
function of the heating current (I) in the first line. 
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Figure 3.7: Measured thermal resistances of four suspended thermometers as a function 
of stage temperature T0 for 740 nm width sample (a) and 240 nm sample (b). 
The designs of both devices are the same, so that the values are almost same 
between the two samples. 
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Figure 3.8: (a) Measured contact point temperature rise of each RT as a function of the 
Joule heating rate in the first line when T0 = 350K. (b) Net heat flow rate 
across the contact point from each thermometer line into the nanowire 
sample as a function of Joule heating rate in the first line. 
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The sixteen pairs of 𝜃𝑐,𝑗,𝑖/(𝐼𝑉)𝑖  and 𝑄𝑗,𝑖/(𝐼𝑉)𝑖  data are then used to determine 
thermal resistances of Rc,2, R2, Rc,3, R1+Rc,1, and R3+Rc,4 according to equations 8, 9, and 
10. First, Rc,2, R2, and Rc,3 are determined with three of four equations expressed in 
equation (8) for i=1, 2, 3, and 4. Here, there are four different combinations of three 
equations out of the four equations. These four combinations can yield four sets of Rc,2, 
R2, and Rc,3 values. Under perfect measurement conditions, these four values of Rc,2, R2, 
and Rc,3 will be exactly the same. However, the presence of errors in the actual 
measurements can produce variations in these thermal resistances. These variations can 
be used to show the measurement uncertainty. After the thermal resistances of Rc,2, R2, 
and Rc,3 are obtained, the other thermal resistances of R1+Rc,1 and R3+Rc,4 can be obtained 
from equations (9) and (10), respectively. They can also have four different values from 
the set of four equations expressed by equations (9) and (10) for i=1, 2, 3, and 4. We have 
calculated the average of the four values obtained for each of the five thermal resistances 
of Rc,2, R2, Rc,3, R1+Rc,1, and R3+Rc,4, and plotted them in figure 3.9. The range of 
variations of the four obtained thermal resistance values are used as error bars in the 
figure, which shows rather small variation of the four values.  
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Figure 3.9: The five measured thermal resistances, including the intrinsic thermal 
resistance of the middle suspended segment of the sample (R2), and contact 
thermal resistances of the two middle contacts (Rc,2 and Rc,3), for the two Si 
nanowire samples with the cross section being 740 nm x 220 nm (a) and 240 
nm x 220 nm (b). 
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As shown in figure 3.9, the two contact thermal resistances of Rc,2 and Rc,3 are 
much smaller than the intrinsic thermal resistance R2 of the middle suspended segment of 
the sample for the two Si nanowire samples. The contact thermal resistances measured at 
300 K were normalized with the apparent contact areas to obtain the interface thermal 
conductance in the range between 38 x 10
6
 and 230 x 10
6
 W m
-2
 K
-1
. These values are 
comparable to the measurement results by time domain thermal reflectance (TDTR) 
measurement method between sputtered Au and Au(Pd) alloy on SiO2.
29
 During the 
process of transferring the silicon nanowire, the sample is annealed at the temperature of 
350°C to remove the PMMA transfer layer. This high temperature annealing process 
could have improved the thermal contacts. In addition, the measured contact thermal 
resistances of Rc,2 and Rc,3 increases slightly as the temperature decreased from 400K to 
100K. This tendency is consistent with the dependence of interface thermal conductance 
on the specific heat, which decreases with decreasing temperature.
30
 
The resolution and the noise level of the measurement method are mainly limited 
by the 10 - 50 mK temperature fluctuation of the cryostat sample stage as reported for 
serpentine Pt resistance thermometer devices.
5
 For a maximum temperature rise in the 
heater line of less than 5K, the maximum value of the sample and contact thermal 
resistances measurable with the current measurement device would be about one hundred 
times of the thermometer thermal resistance (Rb) or 300 K/μW. Similarly, the minimum 
value would be about one hundredth of Rb or 0.03 K/μW, according to the analysis 
similar to the earlier work.
5
 In comparison, a 3 μm wide and 5 μm long single layer 
graphene with a high thermal conductivity of about 2500 W m
-1
 K
-1
 would have the 
thermal resistance of 2 K/μW, so that such sample should be measurable with the current 
device. In comparison, a 10 nm diameter and 5 μm long nanowire sample with a low 
thermal conductivity of 1 W m
-1
 K
-1
 would have the thermal resistance of 6 x 10
4
 K/μW, 
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so that this sample cannot be measured with the current device design. However, the 
dimension of the device can be modified to increase Rb to approach the level of the 
sample thermal resistance. In addition, a differential method can be used to considerably 
reduce the impact of the cryostat stage temperature fluctuation, as reported in recent 
studies.
31, 32
 With these additional efforts, the maximum value of thermal resistance 
measurable with this method can be on the order of 1 x 10
4
 K/μW, which is comparable 
to those achievable with the serpentine Pt resistance thermometer devices.
31, 32
 Similarly, 
the minimum value can approach the order of 1 x 10
-3
 K/μW by decreasing Rb. 
Thermal conductivity of the silicon nanowire samples were calculated from the 
measured intrinsic thermal resistance R2 and the measured dimensions of the two 
samples. The result is shown in figure 3.10. The experimental measurement values are 
compared to two theoretical calculation models, one by Morelli et al.,
33
 and the other by 
Wang et al.,
34
 from which we calculated the thermal conductivity of bulk silicon and 
nanowires. In the calculation, the equivalent boundary scattering mean free path is taken 
as 𝑙𝑏 = 2(𝑤𝑡/𝜋)
1/2 , which is combined with phonon-phonon and phonon-isotope 
scattering to obtain the total scattering mean free path via the Matthiessen’s rule.35  
 
𝜏−1 = 𝜏𝑎𝑛ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐
−1 + 𝜏𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
−1  
 
𝜅 =
𝑘𝐵
4𝑇3
2𝜋2𝜐𝑏ℏ3
∫ 𝜏(𝑇, 𝑦)𝑦4
𝑒𝑦
(𝑒𝑦 − 1)2
ℏ𝜔𝑐/𝑘𝐵𝑇
0
𝑑𝑦 
 
This calculation has not accounted for phonon scattering by impurity dopants and other 
point defects because the impurity doping of the SOI wafer is very low, and it is unclear 
whether additional point defects could have been generated by the reactive ion etching 
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process during the patterning of Si nanowire sample similar to that found in an earlier 
study on Si etching.
36
 As shown in figure 3.10, the thermal conductivity values obtained 
by the four probe measurement method lie between two calculation models for both 
nanowire samples, and are close to the results calculated with the model of Wang et al,
34
 
where the upper phonon frequency limit was adjusted according to a previous 
measurement result of a Si nanowire. The thermal conductivity values measured by the 
four probe method are free of contact thermal resistance error, and could be used for 
further calibration of these theoretical calculation models. 
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Figure 3.10: Measured thermal conductivity of the 740 nm wide (circles) and the 240 nm 
wide (squares) Si nanowire samples, both with 220 nm thickness. For 
comparison, the measured thermal conductivity data of bulk Si crystals 
(diamonds) reported by Glassbrenner and Slack,
37
 and two different 
theoretical calculation results for bulk Si and Si nanowires with the same 
equivalent diameter as the two samples measured here. The theoretical 
calculations are based on the models reported by Morelli, Heremans, and 
Slack
33
 (dashed lines) and Wang and Mingo
34
 (solid lines). Thin green, red, 
and thick blue lines and symbols are used for the results for bulk, 740 × 220 
nm
2
, and 240 × 220 nm
2
 cross section. The uncertainty of some data points 
is smaller than the symbol size. 
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3.4 SUMMARY 
A novel four probe thermal transport measurement method for nanostructures has 
been developed in this work. This method is demonstrated by measurements of two 
silicon nanowire samples with different cross section areas. The results show that the 
method is highly effective for measuring the intrinsic thermal transport properties of 
nanostructures. In particular, the intrinsic thermal resistance of the nanostructure sample 
can be determined independently together with the contact thermal resistances of the 
contacts between the sample and the measurement device. Moreover, the design of the 
device is relatively simple, as it consists of only four suspended thermometer lines, which 
can be readily fabricated with the conventional photolithography and etching processes. 
In addition, a nanostructure sample can be transferred with a high yield with the use of a 
PMMA carrier layer. Hence, the four probe thermal measurement method for 
nanostructures can potentially become an important method to enable accurate 
determination of unique size dependent thermal transport phenomena, and to provide 
reliable experimental data for refinement of theoretical models. 
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Chapter 4:  Thermal and Thermoelectric Transport in Boron Arsenide 
Nanostructures  
BAs is a III-V compound semiconductor with a cubic zinc blende structure and 
strong covalent bonding.
1, 2
 This material has not been actively investigated for a long 
time. Recently, a theoretical calculation has suggested that BAs can possess ultrahigh 
thermal conductivity comparable to diamond at above room temperatures. However, 
there has been few experimental data on thermal transport properties of BAs. This 
chapter presents measurements of thermal and thermoelectric properties of boron 
arsenide (BAs) nanostructure samples. The four probe thermal transport measurement 
method
3
 described in chapter three of this dissertation is employed to measure the 
intrinsic thermal conductivity, and further developed to measure the Seebeck coefficient 
and electrical conductivity of individual BAs nanostructures, which are synthesized by a 
vapor transport method.   
4.1 INTRODUCTION 
As the miniaturization of electronic devices continues, the increased electrical 
power density per unit device area or volume makes device thermal management a 
critical challenge.
4
 For example, local hot spots can occur at the high and non-uniform 
power density. Such hot spots can decrease the device performance and reliability. 
Employing high thermal conductivity materials as a heat spreading layer or substrate is 
one possible approach to addressing the thermal management challenge. Therefore 
investigation of high thermal conductivity materials is an area of active research.
5-12
 This 
field of research includes efforts on theoretical predictions of thermal conductivity of 
materials, and in experimental synthesis and characterization of materials with potentially 
high thermal conductivity. Among different materials, carbon based materials such as 
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diamond, graphite, graphene, and carbon nanotubes are characterized with record-high 
thermal conductivity. The reported room temperature thermal conductivity of bulk 
diamond is as high as about 2270 Wm
-1
K
-1
 and 3450 Wm
-1
K
-1
 for natural diamond and 
isotopically pure 
12
C diamond, respectively.
7, 13
 Because of the high thermal conductivity 
of diamond crystals, there have been many efforts to synthesize diamond films on 
substrates of integrated electronic devices to reduce the operating temperature at a high 
power density. However, it remains a significant challenge to grow diamond films with a 
sufficiently high crystal quality and growth rate. 
A recent first principles calculation has suggested that cubic boron arsenide (BAs) 
crystal can possess ultrahigh thermal conductivity.
14
 At above room temperature, the 
calculated thermal conductivity of BAs exceeds that of existing record value held by 
diamond. According to this theory, the large atomic mass contrast between B and As 
results in a large energy gap between the optical branches and acoustic branches in BAs, 
as well as the close bunching of different acoustic branches. The large frequency gap 
between acoustic and optical branches reduce the scattering between acoustic phonons 
and optical phonon, while the bunching of acoustic branches decrease scattering 
involving three acoustic phonons. The suppressed scattering of acoustic phonons results 
in the predicted ultrahigh thermal conductivity at above room temperatures. Furthermore, 
most of the short wave length acoustic phonons are governed by atomic motion of the 
heavy As atoms, which are isotopically pure, so that phonon-isotope impurity scattering 
is weak in BAs despite the high isotopic impurity concentration in naturally occurring B 
elements.  
Although BAs is expected to have ultrahigh thermal conductivity, only one very 
recent paper has reported the experimental measurement of thermal conductivity of BAs 
particles with a dimension of a few hundreds of microns.
15
 The obtained thermal 
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conductivity at room temperature is only 200 W m
-1
 K
-1
, nearly one order of magnitude 
lower than the theoretical calculation result. This discrepancy is attributed to As 
deficiency in the BAs sample measured. One reason for the lack of experimental results 
on BAs lies in the challenge of synthesis in high-quality BAs crystals. As of now, only 
small crystals of BAs in the shape of micro particles, nanoplates, and nanorods, have 
been synthesized.
2, 16
 While measuring the thermal transport properties of these BAs 
nanostructures and microstructure is challenging, such measurements can provide useful 
data to verify the pronounced size-dependent thermal conductivity of BAs reported in the 
theoretical calculation. Such pronounced size dependence originates from the long bulk 
phonon mean free path, which can be reduced considerably by boundary scattering in 
BAs microstructures. Experimentally obtained size-dependent thermal conductivity can 
also be used to extract the phonon mean free path distribution in BAs, and provide a 
better understanding of the phonon transport behaviors. The following sections describe 
thermal and thermoelectric property measurements of BAs nanostructure samples, 
including sample preparation, measurement method, and results. The obtained thermal 
conductivity, Seebeck coefficient, and electrical resistivity of a BAs sample are 
discussed.  
 
4.2 CRYSTAL GROWTH AND CHARACTERIZATION 
The BAs crystals are grown by the vapor transport method by the Cowley group 
according to a method reported in their earlier publication.
16
 Figure 4.1 shows the BAs 
synthesis process. In this process, elemental boron pellets and arsenic powder are mixed 
in a 1:2.1 molar ratio in a quartz tube, which is evacuated for one hour by connecting to a 
Schlenk line. The tube is sealed with oxy-acetylene torch, and then the ampoules are 
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placed in a box furnace at 800 °C for 72 hours. The ampoules are cooled down to room 
temperature slowly at the rate of 0.1 °C/min, and the growth process is completed. 
During the growth process, the vaporized arsenic reacts on the surface of boron pellets 
and BAs crystals are produced. As shown in figure 4.2, the boron pellets are covered by 
various shapes of BAs crystals after the growth. Besides polycrystalline film coated on 
the boron substrate, individual single crystalline structures such as nanorods, dendrites, 
plates, and nanowires can be obtained from the growth. 
Boron pellets before and after the BAs growth process are crushed and examined 
with powder X-ray diffraction (XRD). The two XRD results are compared in figure 4.3. 
Some additional peaks appear in the XRD result after the growth. These peaks 
correspond to the BAs peaks calculated with the lattice parameters of a=4.777 Å, 
α=90.0°, β=90.0°, γ=90.0°. After the XRD analysis, the BAs crystals on boron pellets are 
examined with Raman spectroscopy. The Raman spectroscopy gives only one sharp peak 
at the Raman shift of 699 cm
-1
. In comparison to reported Raman spectra measured on 
BAs,
17, 18
 the Raman peak observed for the BAs crystals grown in this work is close to 
that reported for isotopically pure 
11
BAs as shown in figure 4.3. 
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Figure 4.1: Boron arsenide synthesizing process: Boron and arsenic pellets are mixed 
together in a quartz tube, and evacuated for one hour. The tube is sealed 
with oxy-acetylene torch, and the ampoules are placed in a box furnace at 
800 °C for 72 hours. The furnace is cooled down slowly at a rate of 
0.1 °C/min, and the growth process is completed. 
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Figure 4.2: Scanning electron micrographs (SEM) taken after the growth. Boron pellets 
are covered by various shapes of BAs crystals, including polycrystalline 
coating (a), small rods (b), dendrites (c), and platelets (d). 
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Figure 4.3: (a) XRD results of the boron pellets before and after the growth. (b) Raman 
spectroscopy of BAs crystals grown in this work in comparison to the 
results reported in Ref. 17 and 18. 
 
4.3 EXPERIMENTAL RESULTS 
4.3.1 Sample preparation 
The BAs single crystalline nanostructures can be found with optical microscopy 
and scanning electron microscopy. Once an appropriate nanostructure sample is found, 
the sample is picked up with a sharp tungsten probe controlled by a XYZ micro 
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manipulator as shown in figure 4.4 (a). The sample is transferred on a separate piece of 
substrate coated with a polyvinyl alcohol (PVA) layer. Figure 4.4 (b) shows the 
transferred BAs nanostructure sample. At this stage, the transferred sample is verified as 
BAs crystal with the use of Raman spectroscopy. When the sample is probed by Raman 
spectroscopy, the Raman laser power should be minimized to prevent sample damage. 
Figure 4.5 shows the Raman shift measured on the specific sample shown in figure 4.4 
(b). It has only one peak at 699 cm
-1
, which matches exactly with literature values and 
previous results.
17, 18
 
The BAs nanostructure sample is assembled on a prefabricated device with a 
transfer method based on a polymethyl methacrylate (PMMA) transfer layer. The PMMA 
layer is spun on the piece of wafer where the BAs sample is located. The PMMA layer is 
separated together with the BAs nanostructure sample from the wafer by dissolving the 
PVA layer in deionized water. It is easier to use a sharp probe or even a pair of tweezers 
to handle the larger PMMA layer than the much smaller BAs sample. The PMMA layer 
is transferred onto a prefabricated suspended device and aligned accurately with the 
device, as shown in figure 4.6. After assembling and aligning the BAs sample on the 
measurement device, the PMMA layer is removed in a tube furnace, which is kept at a 
temperature of 350°C and the pressure of 1 Torr with argon atmosphere. After the device 
is heated for two hours under these conditions, the PMMA layer is completely removed. 
Figure 4.7 shows the completed device with a BAs sample ready for thermal and 
thermoelectric measurements. The width and thickness are measured at five different 
points with scanning electron micrographs as shown in figure 4.7. The width is 1760±210 
nm, and the thickness is 591±50 nm with 95% confidence level from student’s t-
distribution. 
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Figure 4.4: A BAs nanostructure crystal grown on the surface of boron pellet can be 
picked up with sharp tungsten probe (a), and transferred on a separate 
substrate coated with PVA for assembling on a suspended device (b). 
 
 
Figure 4.5: The BAs nanostructure sample shown in figure 4.4 (b) is characterized with 
Raman spectroscopy. It shows only one peak at 699 cm
-1
, which matches 
with the reported values. 
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Figure 4.6: The BAs nanostructure sample is transferred and aligned on a prefabricated 
suspended device together with the PMMA carrier layer as shown in (a), and 
(b) is the optical micrograph of the assembled PMMA, BAs, and suspended 
device.   
(b)
PMMA layer
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Figure 4.7: The PMMA carrier layer is removed by heating at 350°C. Optical 
micrographs show the completed device for thermoelectric measurement (a). 
The gap between two inner suspended thermometer lines is 12.2 µm. SEM 
micrographs are taken for measuring the width and thickness of the sample 
(b). 
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4.3.2 Measurement results 
The measurement is performed with the new four probe thermal property 
measurement method described in chapter three of this dissertation and reported in a 
recent journal article.
3
 This method is particularly useful for high-thermal conductivity 
samples such as BAs. For such a sample, the intrinsic thermal resistance of the suspended 
segment could be very low, and comparable to the contact thermal resistances between 
the sample and the suspended thermometer line. The new four probe thermal 
measurement method is able to eliminate the influence of the contact thermal resistances 
from the measurement. The detailed measurement procedure of this measurement method 
is described in chapter three of this dissertation. One difference from the Si nanowire 
measurement described in chapter three is that this BAs nanostructure sample makes 
electrical contact to all four thermometer lines, so that a floating voltage source needs to 
be used for the heater line and the resistance and temperature rises in the other three 
thermometer lines need to be measured with a lock-in amplifier one at a time to prevent 
electrical current flowing through the BAs sample during the thermal measurements. The 
electrical contact made between the BAs sample and the thermometer line also allows for 
the measurement of the Seebeck coefficient and four-probe electrical conductivity of the 
BAs sample. Figure 4.8 shows the measurement results of thermal resistances in the 
device at three temperatures of 250K, 300K, and 350K. As shown in figure 4.8(a), the 
thermal resistances of the four suspended thermometer lines (Rb) are almost the same 
because they are designed to have the same dimension. Figure 4.8 (b) shows the intrinsic 
thermal resistance of the middle suspended segment of the BAs sample (R2) increases 
slightly with decreasing temperature, corresponding to increasing thermal conductivity 
with decreasing temperature in the temperature range of the measurement. The opposite 
temperature dependences of Rb and R2 decreases the R2/Rb ratio with decreasing 
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temperature, which results in a decreased temperature difference between the 
thermometer lines. Figure 4.9 shows an example of the measured contact point 
temperature of the second and third thermometer lines when the sample stage temperature 
is at 300K when the second suspended thermometer line is the heater line. Although the 
temperature difference between the two contact points is very small, a difference is still 
discernable in the slopes of the contact point temperature rise versus the heating rate IV 
of the heater line. These slopes are used to determine R2, Rc,2, and Rc,3, as explained in 
chapter three. When the sample stage temperature decreases to temperature 250K, the 
difference between the two contact point temperatures decreases and approaches the 
measurement uncertainty, so that there is a large uncertainty in the obtained R2 value at 
250 K and below. In addition, Figure 4.8 (b) shows that the obtained contact thermal 
resistances (Rc,2 and Rc,3) are not much smaller than the intrinsic thermal resistance of the 
BAs sample (R2), so that it is essential to measure and eliminate the influence of the large 
contact thermal resistance, as shown here with the four probe method. 
Figure 4.10 shows the obtained thermal conductivity of the BAs nanostructure 
sample. The thickness of the BAs sample is measured with tilted SEM as shown in figure 
4.7, and it is an about 600 nm thick sample. The values of thermal conductivity are 133 
Wm
-1
K
-1
 (98.4 - 173 Wm
-1
K
-1
), 184 Wm
-1
K
-1
 (140 - 232 Wm
-1
K
-1
), and 205 Wm
-1
K
-1
 
(130 - 327 Wm
-1
K
-1
)
 
at the temperature of 350K, 300K, and 250K, respectively. The 
decreasing thermal conductivity with increasing temperature reveals the effects of 
umklapp phonon-phonon scattering, which increases with increasing temperature. 
However, the temperature dependence is rather weak, suggesting that umklapp phonon 
scattering is not dominant compared to other scattering processes such as diffuse phonon-
boundary scattering and phonon-defect scattering. The diffuse phonon-boundary 
scattering mean free path is calculated to be (4wt/)1/2 = 1150 nm, where w = 1700 nm 
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and t = 600 nm are the width and thickness of the middle suspended segment of the BAs 
sample. At this phonon-boundary scattering mean free path, the room temperature 
thermal conductivity has been calculated by the authors of reference 5 to be 917 Wm
-1
K
-1
 
for isotopically pure 
11
BAs and 774 Wm
-1
K
-1
 for natural BAs. The measured value of 184 
Wm
-1
K
-1
 is still considerably lower than the calculation result. One possible cause of the 
discrepancy is the presence of As vacancies in the measured BAs sample. Such vacancies 
can considerably reduce the thermal conductivity of bulk BAs, as reported in a recent 
work.
15
 
Because the BAs sample makes electrical contacts to all four suspended 
thermometer lines, the thermoelectric and electrical properties of the sample can be 
measured. When the first thermometer line is used as the heater line, the temperature drop 
along the middle suspended segment can be obtained as θ2,1 − θ3,1 = 𝑅2(𝑄1,1+𝑄2,1) 
based on the thermal circuit in figure 3.2 of chapter three, where the intrinsic thermal 
resistance of the middle suspended segment (R2) has been determined from the four-
probe thermal transport measurement method. In addition, the thermovotlage (VTE,23) 
between the two middle contacts to the BAs sample can be measured when the first 
thermometer line is the heater line. Because the Seebeck coefficient of the metal 
thermometer line is negligible compared to that of the semiconducting BAs, the Seebeck 
coefficient of the BAs sample can be obtained by 𝑆 = −VTE,23/(θ2,1−θ3,1) =
−VTE,23/𝑅2(𝑄1,1+𝑄2,1). In addition, the electrical resistance of the middle suspended 
segment of the BAs sample can be measured in a four-probe configuration. During the 
four-probe electrical measurement with an electrical current (I) flowing between the two 
outer contacts to the BAs sample, the measured voltage drop (V) along the middle 
suspended segment can consists of a small thermovotlage component, which is caused by 
Peltier heating and cooling at the two outer electrical contacts. For the BAs sample with 
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high thermal conductivity and low thermoelectric figure of merit (ZT), it can be shown 
that the thermovotlage drop is negligible compared to the IR voltage drop, so that the 
electrical resistance of the middle segment can be obtained as R = V/I. 
Figure 4.11 shows the measured Seebeck coefficient and electrical resistivity of 
the BAs sample. The measured Seebeck coefficient is positive, suggesting that the sample 
is a p type semiconductor. The electrical resistivity increases linearly with temperature 
between 250 K and 350 K. The linear trend suggests that the sample is degenerately 
doped with a high hole concentration, consistent with the case of a high concentration of 
As vacancies. The value at room temperature is about 180 μV/K at 300K, which is 
comparable to that of well-known thermoelectric materials such as bismuth telluride 
(Bi2Te3).
19
 In addition, the measured electrical resistivity of the BAs sample is also 
comparable to that of Bi2Te3, so that a rather high room-temperature power factor (S
2
/) 
is obtained for BAs. However, the thermal conductivity of the BAs sample is two orders 
of magnitude higher than that of Bi2Te3, so that the ZT value is very small.  
The thermoelectric property measurements can provide valuable information on 
the chemical potential and charge carrier concentration and mobility of the BAs 
samples.
20-23
 According to a single parabolic band, the measured Seebeck coefficient can 
be used to obtain the Fermi level, hole carrier concentration, and Lorenz number (L = ke / 
σT) according to, 
 
𝑆 =
𝑘𝐵
𝑒
{
(𝑟𝑝 +
5
2)𝐹𝑟𝑝+3/2(𝜂)
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where the reduced Fermi level η = EF / kBT, and rp = -1/2 for acoustic phonon and 
boundary scattering dominant condition. Figure 4.12 shows the calculation results. The 
calculated hole concentration is at the order of 10
19
 cm
-3
, which is rather high. This high 
hole concentration is in agreement with high As vacancies in the sample. Based on the 
Lorenz number calculated from this model and the measured Seebeck coefficient, the 
electronic contribution to total thermal conductivity is about two orders of magnitude 
smaller than the lattice contribution.  
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Figure 4.8: Thermal resistances of suspended thermometer lines (a), and intrinsic 
thermal resistance of BAs (R2) and contact thermal resistances between the 
sample and two middle thermometer lines (Rc,2, Rc,3) (b). 
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Figure 4.9: Measured point temperature rise at the contacts between the BAs sample 
and two inner thermometer lines at 300K, which is plotted by heating 
current (a) and heating rate (b). They are very close, but still detectable the 
different slope in (b). 
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Figure 4.10: Measured thermal conductivity of BAs nanostructure sample (black circles). 
Red and green star indicates the calculation value of 1140 nm diameter 
11
BAs and natural BAs rods with an infinite length, respectively. 
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Figure 4.11: Measured Seebeck coefficient (a), and electrical resistivity (b) of the BAs 
nanostructure sample. 
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Figure 4.12: Calculated reduced Fermi level (a), hole carrier concentration (b), and 
Lorenz number (c) from the measured Seebeck coefficient according to the 
single parabolic band model.  
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4.4 SUMMARY 
Single crystalline boron arsenide (BAs) nanostructure materials such as nanorods, 
nanowires, and nanoplates are synthesized by vapor transport method. The grown BAs 
nanostructures are characterized as high quality BAs materials with powder X-ray 
diffraction, Raman spectroscopy, and scanning electron microscopy. One of the BAs 
nanostructure sample is transferred successfully on a prefabricated suspended device for 
four-probe thermal and thermoelectric transport measurements. The four-probe 
measurement method can determine the contact thermal resistances and the intrinsic 
thermal resistance of the middle suspended segment. The measured intrinsic thermal 
conductivity of the BAs nanostructure increases slightly with decreasing temperature. 
The weak temperature dependence reveals that umklapp phonon-phonon scattering is not 
dominant compared to phonon-boundary and phonon defect scattering. The room-
temperature value of about 184 Wm
-1
K
-1
 at 300K is higher than that of bulk silicon, but 
still lower than the theoretical prediction for BAs rods with a comparable phonon-
boundary scattering cross section of about 1150 nm.  
Moreover, the Seebeck coefficient and the electrical resistivity of the BAs sample 
have also been measured by the four-probe device. The positive Seebeck coefficient and 
linearly increased electrical resistivity with increasing temperature suggests that the 
sample is degenerately p-doped, potentially because of high As vacancy concentration. 
The thermoelectric measurement can be used to evaluate the As vacancy concentration, 
which is difficult to be measured with other methods. The measured room-temperature 
Seebeck coefficient, electrical conductivity, and power factor are comparable to well-
known thermoelectric material Bi2Te3. However, the high thermal conductivity of BAs 
results in a small thermoelectric figure of merit. The carrier concentration is calculated 
from the measured Seebeck coefficient according to a single parabolic band model. The 
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obtained hole concentration is on the level of 10
19
 cm
-3
. The high hole concentration is in 
agreement with high As vacancies concentration in the BAs sample. The electronic 
contribution to the total thermal conductivity is found to be negligible for the BAs 
sample.  
The measurement of this BAs sample shows that the thermal resistance of the 
suspended thermometer lines of the four-probe device should be modified to match the 
thermal resistance of the BAs sample in order to improve the measurement sensitivity, 
especially at low temperatures. With such efforts, the obtained size-dependent thermal 
and thermoelectric properties of BAs can help to develop a better understanding of 
phonon transport in this material with potentially record high thermal conductivity. 
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Chapter 5:  Conclusion 
 
Nanostructured materials exhibit unique size dependent thermal and 
thermoelectric properties because their characteristic dimensions are comparable to the 
mean free path or even wavelength of heat carriers including electrons and phonons.  
This dissertation presents the development of nanoscale thermal and thermoelectric 
measurement methods to obtain a better understanding of the size-dependent thermal and 
thermoelectric properties of several material systems, including bismuth antimony 
telluride nanoplates, silicon nanowires, and boron arsenide nanorods. These materials are 
either already in use in current electronic or thermoelectric devices, or being investigated 
for future-generation device structures.  
The thermoelectric properties of bismuth antimony telluride (Bi1-xSbx)2Te3 
nanostructures synthesized by two different methods are characterized with the use of a 
four-probe thermoelectric measurement method based on a suspended measurement 
device. Five (Bi1-xSbx)2Te3 samples grown by a vapor solid method in a tube furnace are 
measured with different nominal Sb concentration of x=0.07, 0.25, 0.5, 0.7, 0.95. The 
measurement results of Seebeck coefficient and thermoelectric figure of merit (zT) peaks 
at x close to 0.5. The sign of the Seebeck coefficient shows the change of the majority 
charge carriers from electrons to holes when x is increased from 0.07 to 0.25. Another 
(Bi1-xSbx)2Te3 film sample with x=0.95 grown on GaAs substrate by metal organic 
chemical vapor deposition (MOCVD) is measured, and shows a degenerate p-type 
behavior. These measurement results represent an initial but important step toward 
developing a better understanding of the effects of chemical composition and size 
confinement in the (Bi1-xSbx)2Te3 system.  
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One major innovation of this dissertation is the establishment of a new four probe 
thermal transport measurement method for obtaining both the intrinsic thermal resistance 
and contact thermal resistance of a nanostructure sample. Compared to the rather 
complicated device design used for four-probe thermoelectric measurements of (Bi1-
xSbx)2Te3 nanostructures, the device for the new four-probe thermal transport 
measurement consists of only four suspended thermometer lines, can be readily 
fabricated with established semiconductor processing technique, and does not require 
electrical contact between the sample and the measurement device. The effectiveness of 
the measurement method is demonstrated with its application for measuring two silicon 
(Si) nanowires with different cross section areas. The measurement results are compared 
to two theoretical calculation results. This new measurement method is expected to 
enable accurate measurements of unique size dependent thermal transport properties in 
nanostructure materials, which can help to refine theoretical models. 
 The new four-probe thermal transport measurement method is employed to 
obtain the intrinsic thermal conductivity of a boron arsenide (BAs) nanorod sample. In 
addition, the method is further developed to obtain the intrinsic Seebeck coefficient 
together with the electrical conductivity of the sample. The thermal transport 
measurement results suggest that the thermal conductivity of the BAs nanostructure is 
suppressed by both phonon-boundary scattering and phonon scattering by point defects 
caused by As vacancies. However, the suppressed thermal conductivity in the BAs 
sample with an equivalent diameter close to 1150 nm is still as high as 184 Wm
-1
K
-1
, and 
higher than that of bulk silicon. In addition, the thermoelectric measurement reveals 
rather high power factor in BAs. Nevertheless, the thermoelectric figure of merit of the 
BAs is very low because of the high thermal conductivity. Moreover, the thermoelectric 
measurement data support the presence of high As vacancies in the sample. 
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The experimental methods presented in this dissertation have enhanced the 
capability in probing intriguing size-dependent thermal and thermoelectric properties of 
nanostructures. Further efforts in employing and refining these experimental methods are 
expected to lead to a better understanding of nanoscale thermal and thermoelectric 
transport phenomena in BAs, (Bi1-xSbx)2Te3, and other materials systems with potential 
applications in thermal management and thermoelectric energy conversion. 
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